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CHAPTER |

INTRODUCTION

1.1 Background

At present, nanotechnology has become one of the most important
innovations in daily life. Many new product innovations can be improved by
nanotechnology. Nanotechnology is based on the recognition that particle size less
than 100 nanometers and nanostructure built from them new properties or behaviors.
Many properties such as mechanics, electricity, magnetism and optics of
semiconductors depend on the size [1]. Optical property is one of the interesting
property for study and research because it is applied in electro-luminescence devices.
The most investigated luminescent semiconductors are usually cadmium group
materials such as cadmium selenide (CdSe), cadmium telluride (CdTe) and cadmium
sulfide (CdS) [2-9] and zinc group materials such as zinc sulfide (ZnS) and zinc selenide
(ZnSe). However, Cadmium group is not popular applications because of the intrinsic
toxicity of Cd element [10]. In addition, ZnS is chemical stability and good
photoluminescence more than ZnSe [11]. Therefore, ZnS is the most interesting

semiconductor for research.

ZnS is one of the luminescent semiconducting nanocrystals. It has a direct
band gap of 3.6 eV at room temperature [12]. Because ZnS is very good luminescent
material, good chemical stable, low toxicity and low cost, it is applied in displays,

sensors, lasers, catalysis, solar concentrator, photocatalyst, solar cell and



a biomolecular probe in fluorescence [13-19]. In addition, ZnS can easily host for
doped metal impurity because it has a large band gap. There are two types of doping
metal ions including rare earth metal ions and transition metal ions. Rare earth metal
ions include europium (Eu*), [20-22], terbium (Tb>*) [23,24] and erbium (Er**) [25].
In contrast, transition metal ions include copper (Cu?) [26,27], manganese (Mn??)
[2,10,28-49]. However, dissimilarly chemical properties between rare earth metal ions
and ZnS host, efficient doping of rare earth metal ions into ZnS host are not favorite
[20]. On the other hand, the chemical properties of Mn are very similar to ZnS host,
thus Mn ions incorporate into ZnS host much more easily [45]. Therefore, Mn is
interesting for being doped into ZnS host. When Mn incorporate into Zn host, strong
hybridization between the s-p states of ZnS host and d-state of Mn impurities lead to
faster energy transfer between ZnS host and Mn impurities. Therefore, luminescent
efficiency is increased and its lifetime is shorted from millisecond to nanosecond,
in comparison with Mn-doped ZnS bulk [29]. Moreover, transfer of electron and hole

of Mn-doped ZnS leads to characteristic emission from Mn “T,-5A, transition [50].

There are many methods for synthesis of Mn-doped ZnS nanoparticles such as
solvothermal [11,30], hydrothermal [33], precipitation [10,32,38,39,42,46] and micro-
emulsion [31,36,48]. Among these methods, micro-emulsion is suitable for synthesis
of Mn-doped ZnS nanoparticle because it possesses several advantages like ease of
particle size control, narrow particle size distribution, soft chemical with simple

handling and no need of special equipment.

Micro-emulsion method is a thermodynamically stable dispersion of two types
of immiscible fluids. Water in oil (W/O) micro-emulsion could be formed when a water
phase is enclosed by surfactant dispersed in an oil phase. The coexistence of oil

phase, water phase and surfactant would generate the so-called reversed micelles.



Generally, cation and anion reagents could be encapsulated inside reversed micelles.
If reversed micelles containing such cations and anions are taken into contact,
a reaction between those ions would take place inside the reversed micelles, resulting
in the precipitation of nanostructured product. In this sense, reversed micelles could
be considered nanoreactor [51]. Later, it was found that adding co-surfactant into
micro-emulsion system can enhance the interaction of reversed micelles. Therefore,
effect of various co-surfactants added into micro-emulsion system for synthesizing ZnS
was comprehensively examined and reported by Charinpanitkul et al. [52].
The previously in studies, effect of the molar ratio of water to surfactant and

Mn concentration on photoluminescence property are not understood.

Hence, this research is aimed to study synthesis of Mn-doped ZnS
nanoparticles by micro-emulsion method, to study influently synthesized method on
the primary particle size, to study effect of the molar ratio of water to surfactant (W)
on photoluminescence property of Mn-doped ZnS nanoaprticles and to study effect

of Mn concentration on photoluminescence property of Mn-doped ZnS nanoaprticles.

1.2 Objective

To investigate effect of Mn on photoluminescence of ZnS synthesized by
micro-emulsion method by taking into account the molar ratio of water to surfactant

and concentration of Mn dopant.



1.3 Scopes of Research

Synthesis of Mn-doped ZnS nanoparticles was conducted as follows:

Synthesized method: precipitation and micro-emulsion method for
comparing the primary particle size of Mn-doped ZnS nanoparticles.
The molar ratio of water to surfactant (W): 1, 3, 5, 7, 11 and 15 for control
the primary particle size and study effect of the molar ratio of water to
surfactant on photoluminescence property

Mn concentration: 0, 6 and 10 percent by weight for study effect of
Mn concentration on photoluminescence property

Reactant concentration: 0.10, 0.25 and 0.50 M for study effect of reactant
concentration on the primary particle size and amount of Mn-doped Zn$S

nanoparticles product

Characterizations of Mn-doped ZnS nanoparticles were used as follows:

Morphology and the primary particle size of Mn-doped ZnS nanoparticles
were examined by FE-SEM.

Particles size distribution of Mn-doped ZnS nanoparticles was analyzed
by Zetasizer.

Crystalline structure of Mn-doped ZnS nanoparticles was determined by
XRD, SAED and HRTEM.

Photoluminescence property of Mn-doped ZnS nanoparticles was
determined by spectrofluorometer.

Local structure and oxidation number of Mn-doped ZnS nanoparticles

were determined by EXAFS and XANES, respectively.



CHAPTER I

LITERATURE REVIEWS

2.1 Synthesis of ZnS nanoparticles via micro-emulsion method

Charinpanitkul et al. studied effect of co-surfactant and reactant
concentration on zinc sulfide nanoparticles. They synthesized ZnS nanoparticles by
micro-emulsion method and varied co-surfactant in n-butanol, n-pentanol and
n-hexanol. When molecule of co-surfactant is larger, the aspect ratio of ZnS
nanoparticle increases. In addition, ZnS nanorod and nanotube were formed when

reactant concentration was increased [52].

Xu and Li studied formation of ZnS nanorod and nanoparticles in water in oil
(W/O) micro-emulsion system. They used zinc sulfate and sodium sulfide as reactant
and CTAB and Triton X-100 as surfactant. Morphology of ZnS is changed when varied
the molar ratio of water to surfactant because of changing droplet sized of water pool
in reversed micelle.The uniform ZnS nanorods could be prepared by using W = 11

at room temperature, 24 hours for aging time and using Triton X-100 as surfactant [53].

From the previous studies, ZnS nanoparticles can be synthesized by
micro-emulsion method. The morphology of ZnS nanoparticles depends on type of
surfactant and co-surfactant. Mn-doped ZnS nanoparticles will be possibly synthesized

by micro-emulsion method the same as synthesized ZnS nanoparticles.



Then, the many previous researches about synthesized Mn-doped ZnS nanoparticles

via micro-emulsion method were reviewed in the next section.

2.2 Synthesis of Mn-doped ZnS nanoparticles via micro-emulsion method

Gan et al. studied improvement of photoluminescence property.
They compared micro-emulsion method and aqueous solution precipitation.
Smaller the primary particle size and narrower particle size distribution were observed
when synthesis of Mn-doped ZnS nanoparticles via micro-emulsion method.
Moreover, they compared photoluminescence property between both synthesis
methods. Mn-doped ZnS nanoparticles were surface passivated at temperature of
120 °C. Photoluminescence intensity is higher when Mn-doped ZnS nanoparticles are

synthesized by micro-emulsion method and surface passivation [31].

Murugadoss studied structure, optical and thermal characterization of
Mn-doped ZnS nanoparticles synthesized by reversed micelle method. Particles size
of Mn-doped ZnS nanoparticles from TEM photographs was smaller when adding
co-surfactant into micro-emulsion system. Reactant concentration and Mn
concentration were fixed with 0.50 molar and 4% by weight, respectively. From TEM
analysis, the averaged particles size increases when the molar ratio of water to
surfactant (W) increases from 8 to 11. The XRD patterns confirmed zinc blend crystal
structure of Mn-doped ZnS nanoparticles. Moreover, photoluminescence intensity is
the highest as the molar ratio of water to surfactant about 10. In addition, Mn-doped
ZnS nanoparticles products were heated at 200-800 °C for 2 hr. At temperature of
200 °C, Mn-doped ZnS nanoparticles became ZnO because it was oxidized by oxygen

gas in the air [36].



In these the previous works, Mn-doped ZnS nanoparticles were synthesized by
micro-emulsion  method. Photoluminescence property of Mn-doped ZnS
nanoparticles is higher when synthesized Mn-doped ZnS nanoparticles by
micro-emulsion method. Although the effect of the molar ratio of water to surfactant
on the primary particle size has been investigated, the effect of the primary particle
size on photoluminescence property is lacking. This is a point for studied the effect of
the primary particle size on photoluminescence property. In addition,
Mn concentration could be possible to affect photoluminescence. Therefore,
the many previous researches about effect of Mn concentration on

photoluminescence property were reviewed in the next section.

2.3 Synthesis of Mn-doped ZnS nanoparticles at various Mn concentrations

Peng et al. observed photoluminescence and magnetic property of
synthesized Mn-doped ZnS nanoparticles by co-precipitation. They varied
Mn concentration within 5-15 % by atom. The XRD patterns confirmed zinc blend
crystalline  structure of Mn-doped ZnS. As Mn concentration increases,
photoluminescence intensity and magnetic property increases. All synthesized

Mn-doped ZnS nanoparticles showed paramagnetic property [10].

Dong et al. synthesized Mn-doped ZnS nanoparticles with finely controlled
reaction temperature and doping levels via solvothermal method. 1% by mole of
Mn-doped ZnS nanoparticles as different reaction temperature were analyzed by TEM.
The averaged particle size increases when reaction temperature decreases. SAED
patterns of samples are consistent with zinc blend ZnS crystalline structure with ring

pattern. XRD patterns confirmed zinc blend crystalline structure of Mn-doped ZnS.



While the reaction temperature increases, the ZnS emission intensity decreases but

the Mn emission intensity increases [11].

Hoa et al. investigated photoluminescence property of Mn-doped ZnS
nanoparticles. They synthesized Mn-doped ZnS nanoparticles via hydrothermal.
From XRD patterns, synthesized Mn-doped ZnS were zinc blend crystalline structure.
Mn concentration of synthesized Mn-doped ZnS nanoparticles are in range 0-20 %
by atom. When Mn concentration is 0% by atom, blue emission peak of ZnS was
observed at 490 nm. Orange emission peak of Mn was observed at 588 nm,
when Mn concentration was more than 0% by atom. In addition, orange emission

intensity maximized at 1% by atom [33].

Sarkar et al. synthesized Mn-doped ZnS nanoparticles by chemical
precipitation method. Mn concentration was varied in range 0-2.5%. XRD patterns
confirmed zinc blend crystal structure of all samples. The averaged crystalline size
was approximately 3 nm calculated by Debye-Scherrer formula. From TEM images,
the averaged primary particle sizes were 2.2 nm for un-doped ZnS and 2.9 nm for
1% Mn-doped ZnS nanoparticles. Photoluminescence intensity of Mn-doped ZnS

nanoparticles increases when Mn concentration increases [39].

Tripathi et al. studied photoluminescence property of Mn-doped ZnS
nanoparticles. XRD patterns confirmed zinc blend crystalline structure of
Mn-doped ZnS. Mn concentration was varied in a range 0-5% by atom.

Photoluminescence intensity maximized as 5% by atom of Mn concentration [42].



Han et al. synthesized Mn-doped ZnS nanoparticles by precipitation method.
They studied effect of Mn doping concentration and surfactant concentration on
photoluminescence property. XRD patterns of Mn-doped ZnS nanoparticles prepared
with methacrylic acid (MAA), cetyltrimethylammonium (CTAB) and without surfactant
confirmed zinc blend crystal structure. From SEM images, the averaged primary particle
size of Mn-doped ZnS nanoparticles prepared with MMA, CTAB and without surfactant
were around 10-20 nm. Photoluminescence intensity of Mn-doped ZnS nanoparticles
synthesized with varying amount of MAA is highest when concentration of MAA is
0.3d5 moles. Photoluminescence intensity of Mn-doped ZnS nanoparticles
synthesized with varying amount of CTAB is highest when concentration of CTAB is
0.125 moles. Therefore, comparing photoluminescence intensity of Mn-doped ZnS
nanoparticles prepared with MAA, CTAB and without surfactant, photoluminescence
intensity of Mn-doped ZnS nanoparticles prepared with MAA is the highest. In addition,
photoluminescence intensity of Mn-doped ZnS is the highest as 0.08 mole of

Mn concentration [32].

Cao et al. observed Mn dopant for orange emission spectrum of
Mn-doped ZnS nanoparticles. Mn-doped ZnS nanoparticles were synthesized by
solvothermal. Mn concentration was varied in range 0-11% by atom. XRD patterns
confirmed mainly zinc blend structure and small amount of ZnS in wurzite structure
of Mn-doped ZnS. TEM and HRTEM images of Mn-doped ZnS nanoparticles are
observed that these nanoparticles are agglomerated with diameter 12-18 nm.
From XANES spectrum, Mn ions were substitutionally incorporated into the ZnS lattice
and no Mn related secondary phase was formed. Photoluminescence intensity is

maximized at level of 3% by atom of Mn-doped ZnS nanoparticles [30].
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Xiao et al. synthesized Mn-doped ZnS nanoparticles by using thioglycolic acid
(TGA) as a stabilizer in aqueous solution in air. They varied Mn concentration in a range
0-3% by weight. XRD patterns confirmed zinc blend crystalline structure of Mn-doped
ZnS. The averaged crystalline sizes for different Mn concentration (0, 1.5 and 3% by
weight) were estimated to be 1.96, 2.04 and 2.11 nm, respectively. Photoluminescence
spectra of un-doped samples showed only one emission band at 460 nm.
On the other hand, photoluminescence spectrums of Mn-doped ZnS nanoparticles
show two different emission bands at 460 nm emitted from ZnS host and 585 nm
emitted from Mn impurities. Emission intensity of Mn-doped ZnS nanoparticle
increases when Mn concentration increases and shows a maximum intensity as

1.5 wt. % [44].

Nazerdeylami et al. synthesized Mn-doped ZnS nanoparticles by chemical
method using PVP (Polyvinylpyrrolidone) as a capping agent in aqueous solution.
They varied Mn concentration about 1, 5 and 10% by mole. XRD patterns confirmed
zinc blend crystalline structure of all Mn-doped ZnS samples and no diffraction peak
from Mn impurities. The averaged crystalline sizes of Mn-doped ZnS with different
concentration (1%, 5% and 10% were estimated to be 2.35, 2.24 and 2.30 nm,
respectively. Photoluminescence spectra centered observed at 594 nm emitted from
Mn impurities. Mn concentration increases resulting in emission intensity increases.
In addition, maximum Mn emission intensity and minimum Zn emission intensity were

found at Mn concentration of 10 wt. % [37].

From the many previous studies, the optimum Mn concentration likely
depended on the synthesis methods of Mn-doped ZnS nanoparticles. Therefore, it is
a point for studying effect of Mn concentration on photoluminescence property of

Mn-doped ZnS nanoparticles synthesized by micro-emulsion method.



CHAPTER Il

THEORIES AND EXPERIMENTAL

3.1 Theories

3.1.1 Physical and Chemical Properties of Zinc sulfide

Zinc sulfide is an inorganic compound with the formula ZnS. ZnS is a white
powder. This is the main form of zinc found in nature, where it mainly occurs as the
mineral sphalerite. There are two crystal structures of ZnS with zinc blend and wurtzite
as schematically shown in Figure 3.1. The transition from sphalerite become wurtzite

at temperature of 1,020 °C

(a) (b)

Figure 3.1 ZnS crystalline structures: (a) zinc blend structure, (b) wurzite structure,

reprinted in reference [54]
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3.1.2 Solid Solutions

A solid solution is formed when the solute atoms are added to the host
material, the crystalline structure is maintained and no new structures are formed.
A solid solution is compositionally homogeneous. The impurity atoms are randomly
and uniformly dispersed in host material. Impurity point defects are found in solid
solutions. Two types of defects are substitutional and interstitial type.
For the substitutional type, impurity atoms replace or substitute for the host atoms as

shown in Figure 3.2.

o

Interstitial
Impurity atom

Figure 3.2 Schematic substitutional and interstitial impurity atoms,

reprinted in reference [55]

Several features of the solute and solvent atoms were determined by
the degree of the former dissolves in the latter, as follows:
1. Atomic size factor
Solute materials may be accommodated in this type of solid solution
only when the difference in atomic radii between these two atoms are +15%.
Otherwise the solute atoms will create substantial lattice distortions and

a new phase will form.



13

2. Crystalline structure

The crystalline structures for both metals atoms must be the same.
3. Electronegativity

More electropositive and electronegative is greater than the likelihood
that they will form an intermetallic compound instead of a substitution in solid

solution.

For interstitial solid solutions, impurity atoms fill the voids among the host
atoms as represented in Figure 3.2. The atomic diameter of an interstitial impurity must
be substantially smaller than the atomic diameter of the host atoms. Normally,
the maximum allowable concentration of interstitial impurity atoms is low (less than
10%). Even very small impurity atoms are ordinarily larger than the interstitial sites,
and as a consequence they introduce some lattice strains on the adjacent host atoms

[55].

3.1.3 Specification of composition

The composition or concentration of an alloy in terms of its constituent
elements. Type of specific composition consist of percent by weight (or mass) and
percent by mole [55]. The basis for weight percent (wt. %) is the weight of a particular
element relative to the total alloy weight. For an alloy that contains two hypothetical
atoms denoted by 1 and 2, the concentration of 1 in wt. %, C,, is defined as equation
3.1 where m; and m, represent the

my

C, = X 100 (3.1)

mq+m,

weight or mass of elements 1 and 2, respectively. The basis for mole percent

(mole %) calculations is the number of moles of an element in relation to the total
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moles of the elements in the alloy. The number of moles in some specified mass of
element 1, n,,1, may be computed as follows:
my

Here, m; and A denote the mass (in grams) and atomic weight, respectively,
for element 1. Concentration in terms of mole percent of element 1 in an alloy

containing element 1 and element 2, is defined by equation 3.3.

Cl=—m__ %100 (3.3)

1=
(Mm1+nm3)

3.1.4 Energy Band and Structures in Semiconductor

The possible electronic band of semiconductor at temperature of 0 Kelvin was
shown in Figure 3.3. In Figure 3.3, the valence band is completely filled with electrons,
while the empty conduction band has no electron occupied. An energy gap between
valence band and conduction band is an energy band gap (E,). For very pure materials,
electrons have no energies within this gap. The band gap of insulator is wide while
the band gap of semiconductors is narrow. The Fermi energy for these two band

structures lies within the band gap near its center [55].

Empty
conduction

band

Band gap

Filled
valencea
band

Figure 3.3 Energy band of semiconductor at temperature of 0 Kelvin,

reprinted in reference [55]
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3.1.5 Conduction in Term of Band and Atomic Bonding Models

When the only electrons energy is greater than the Fermi energy (Ey),
the electrons may be acted on and accelerated in the presence of an electric field.
These are the electrons that participate in the conduction process which are termed
free electrons. Another charged electronic entity called a hole is found in
semiconductors. Holes have energies less than Ef and also participate in electronic

conduction.

For semiconductors, electrons in the highest occupied molecular orbital
(HOMO) can be promoted across the energy band gap to fill in the lowest unoccupied
molecular orbital (LUMO). The energy between HOMO and LUMO is approximately
equal to the band gap energy (E,). This excitation process is illustrated in Figure 3.4.
For many materials, this band gap is several electron volts wide. Most often
the excitation energy is from a nonelectrical source such as heat or light. The number
of electrons excited by heat energy into the conduction band depends on the energy

band gap width at constant temperature [55].
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Figure 3.4 Occupancy of electron states of semiconductor (a) before and
(b) after an electron excitation from the valence band into the conduction band,

reprinted in reference [55]
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3.1.6 Quantum Well, Quantum Wire and Quantum Dot

From elementary quantum mechanics, when electronic particles (electrons
and holes) are confined by potential barriers to regions of space that are smaller than
the de Broglie wavelength of the particles. The allowed energy states become discrete
(i.e., quantized). For semiconductors, the critical dimension for quantization effects
depends on the effective mass of the electronic charge carriers. Since quantization
depends on spatial confinement, three regimes the quantum well, quantum wire and
quantum dot (nanocrystal) have the confinement in one, two and three dimensions,
respectively (Figure 3.5). The quantum dot is the most common product of small

semiconducting particles.

Some fundamental differences exist for the three regimes of size quantization.
First, the density of electronic states (DOS) is a function of energy for three regimes as
illustrated in Figure 3.6. For quantum well, the DOS is a step function. For quantum
dot, it is a series of discrete values, like a molecule or atom. Quantum wire has a DOS

distribution that is intermediate between quantum well and quantum dot [56].

Quantum Quantum Quantum
Well Wire Dot

Bulk

Figure 3.5 Quantization configuration type in semiconductors,

reprinted in reference [57]
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Figure 3.6 Density of electronic state (DOS) function for bulks, quantum wells,

quantum wires and quantum dots, reprinted in reference [57]

3.1.7 Luminescence

Luminescence is a phenomenon of excited molecule and then emitted in from
of visible light [55,58]. If source of energy is the light, it will be called
“photoluminescence”. In addition, photoluminescence is classified according to
the magnitude of the delay time between absorption and reemission events.
For reemission time less than one second, the phenomenon is called “fluorescence”.
When reemission occurs longer times, it is called “phosphorescence”. A number of
materials including some sulfides, oxides and organic materials are fluorescence

or phosphorescence.

Interactions with light radiation can also occur in dielectric solids having wide
band gaps. If impurities or other electrically active defects are present, electron levels
within the band gap may be introduced such as the donor and acceptor levels.
Light radiation of specific wavelengths may be emitted as a result of electron

transitions within the band gap. The valence band-conduction band electron
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excitation for impurity doped in material level as shown in Figure 3.7a.
The electromagnetic energy was absorbed by electron excitation. Figure 3.7b shows
the emission of two photons. One is emitted as the electron drops from a state in
the conduction band to the impurity level while other photons emitted from impurity
level into the valence band. In addition, one of the transitions may involve

the generation of a phonon or heat energy as shown in Figure 3.7c.
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Figure 3.7 Absorption and emission of impurity doped semiconductor. (a) Photon
absorption for a material that has an impurity level, (b) emission of two photons,

(c) generation of a phonon and a photon, reprinted in reference [55]

3.1.8 Micro-Emulsion

Micro-emulsion is thermodynamically stable dispersion of oil and water,
which could be stabilized by adding surfactant. Thermodynamic stability of
micro-emulsion is temperature and pressure dependence. Schulman and his group
first scientifically described micro-emulsion in 1943 [59]. The term “micro-emulsion”
was first coined in 1959 by Schulman and his group [60]. Micro-emulsion is like
transparent emulsion, swollen micelle and micellar solution. Winsor has classified
different types of micro-emulsion system [61]. When oil in water (O/W) micro-emulsion

is in equilibrium with excess oil, it is called “Winsor 1”. The water in oil (W/O)
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micro-emulsion is in equilibrium with excess water, it is called “Winsor II”.
Micro-emulsion equilibrium with both oil and water is called “Winsor IlI”. This is

a bicontinuous micro-emulsion in which both W/O and O/W dispersions. “Winsor [V”

is not equilibrium either in oil or water.

The basic difference between micro-emulsion and emulsion is droplet size.
The droplet size of micro-emulsion is smaller than 100 nm. In some systems, droplet
sizes lie in between emulsion and micro-emulsion, this systems are called
mini-emulsion. Both emulsions and mini-emulsions are not thermodynamically stable,
but they are kinetically stable. The stability of emulsion and mini-emulsion is

a function of time. In addition, emulsion is not microstructure and nontransparent.

The formation of micro-emulsion is explained by Gibbs free energy of mixing

between oil and water. At a constant temperature and pressure, the water/oil

aG

interfacial tension (IFT, y) = (ﬁ

) . When IFT is positive, Gibbs free energy change is
T,P

also positive. Hence, this system is not mixing. The water/oil interfacial tension (IFT, y)
must be zero or negative value. Therefore, addition of surfactant and co-surfactant
leads to a very low IFT value. The energy of mixing between oil and water is defined
in equation 3.4 where AG, AH, AS, T and AA are Gibbs free energy change, enthalpy
change, entropy change, temperature (K) and change in interfacial area, respectively.

AG = AH — TAS + yAA (3.4)

The enthalpy change is negligible when immiscible oil and water are mixed. As
the droplet size decease, entropy change is positive (TAS >> YAA). Therefore, AG is
negative for this system leading to dispersion of O/W and W/O becomes spontaneous

and stable [62].
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Generally, surfactant consists of polar and non-polar molecules.
When surfactant was added in mixture of water and oil, the surfactant molecules
associate spontaneously to form reversed micelle or micelle as shown in Figure 3.8.
Surfactant concentration exceeds a certain minimum with a formation of micelle
or reversed micelle, called “critical micelle concentration (CMC)” [63]. The shape of
micelle or reversed micelle can be controlled by packing parameter of surfactant
molecule. This packing parameter of surfactant molecule is defined with %.
Where V is the surfactant hydrocarbon volume, A is the polar head area and L is the
fully extended chain length of the surfactant. At & > 1, reversed micelle is formed.
In contrast, micelle can be formed when this ratio is < 1 [64]. Spherical micelles are
formed when the packing parameter is less than 1/3. Cylinder micelles and lamellar
micelles are formed when the packing parameter are 1/2 and 1, respectively.
Reversed micelles structures are formed when the packing parameter is greater than
2. Cylinder reversed micelles are formed at ﬁ > 2, while spherical reversed micelles
are presented at & > 3. Schematic reversed micelle and micelle are shown in
Figure 3.8. In addition, lamellar phase or bicontinuous micro-emulsion has ﬁ ~ 1 [65].
Moreover, the molar ratio of water to surfactant (W) < 15 suggests a formation of

reversed micelles [66].

(‘\./

(a) (b)

Figure 3.8 Type of micelle: (a) reversed micelle and (b) micelle
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Reaction mechanism in micro-emulsion can be explained by nucleation in
micro-emulsion system. Cations and anions reagents dissolve inside central core
or water pool of reversed micelles. If we mix both reagents, reversed micelles are
frequently collide via random Brownian motion and coalesce to form dimer
which exchange cation and anion and then break apart again [67,68]. This results to
the precipitation inside reversed micelles. Reversed micelle in this system can be
called “nanoreactors”, resulting in controlled nucleation and particle growth [51].

Reaction mechanism in micro-emulsion was illustrated in Figure 3.9.

Microemulsion I Microemulsion II
Aqueous Phase ??))‘ﬁ Aqueous Phase
Metal Salt /""" | Reducing Agent
(FeCl,, FeCl,, (NH,OH, N,H,,
CuCl,, ete. NaBH,, etc.)
- " ¥ N\
: Mix Microemulsions I and II
Qil Phase Oll Phase
Collision and |~;
Coalescence of Percolation
Droplets
. . Precipitate
Chemical Reaction Occurs .
(Metal or Metal Oxide)

Figure 3.9 Reaction mechanisms in micro-emulsion system,

reprinted in reference [63]
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In addition, water in oil micro-emulsion is favorable for synthesis of
nanoparticles because of the advantages of micro-emulsion method as fallows;
1. Ease of particles size control
2. Uniform and narrow particles size distribution
3. Soft chemical with simply handling

4. No need of special equipment

3.1.9 Crystallization

The crystallization from solution can occur when solute concentration in
solvent exceeds solubility of solute. This solution will be called supersaturated
solution. Supersaturated solution can be generated when two or more solute
reactants react and produce very low solubility of product. This reaction processes are

often precipitation processes.

Nucleation process is generation of nuclei. Such nuclei are formation of ions
clusters. Nucleation and crystal growth were described by Gibbs. The energy change

resulting from crystal nucleating homogeneously from solution is given by
AG = AGg + AGy (3.5)

where Gg is the free energy change required to from the surface of the nucleus and
Gy is the free energy change resulting when solute changes from liquid to solid state
and is a function of supersaturation level. Gs and Gy are proportional to the surface
area and the nucleus volume, respectively. Assuming a spherical nucleus,

equation 3.5 can be written as

AG = 4mr?s + %nr3AGV (3.6).
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The nucleus radius is r, 3 is the specific surface energy and AGy is the bulk free energy
change per unit volume. If the growth cluster larger than r. will result in a decrease in
free energy. It is presumed that in supersaturated solution, clusters are constantly
forming and dispersing. Only cluster size larger than r. becomes nuclei.
Effect of solubility of small crystal on solution concentration can be represent in

Gibb-Thomspson equation as shown in equation 3.7.

In (ﬁ) = 2V (3.7)

c* - kBTI'C

Where Cg, C¥, v, kg and T are solution concentration, saturated concentration,
the molecular volume, Boltzmann’s constant and temperature in Kelvin, respectively.
For the homogeneously nucleation rate (B°) can be similarly expressed by Arrhenius

type equation,

0 _ _lem&3v?
B? =C exp( —3k3T3(1n(C:—§)> (3.8).

Equation 3.8 can be approximated by power law function of supersaturation.
A proposed equation of power law, observing fact that nucleation does not occur at
very low supersaturation. It is based on the concept of the metastable limit. In most
inorganic system concentration at the metastable limit close to concentration at

supersaturation, the equation can be written
B® = k(c — cg)! (3.9)

where ¢, ¢, and i are solution concentration, concentration at supersaturation and
empirical exponent, respectively. In addition, Meirs model is more nearly analogous
to those used in the reaction kinetic and the rate constant (kg) is a function of

temperature. Thus, the Meirs model can be written as
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AE, -
B = kqexp (— ﬁ) (c—cg)! (3.10)

where AE, is the activation energy of the reaction.

A crystal growth mechanism from solution requires that solute transported to
the crystal surface and then make of the crystal lattice. It can be explained by mass
diffusion on the crystal surface. In general, the growth models are independent of
species involved in growth process, these species affect the magnitude of the diffusion
coefficient or of the surface reaction rate constant. If growth rate is limited by the rate
of diffusion through erowing laminar layer of solution, it can be called “diffusion
controlled”. The diffusion controls are used in many cases of non-agitated systems.

The growth rate is represented by simple mass transfer equation in equation 3.11.

dM D
E = iAC(C _— CS) (311)

Where D, x, A and c-c, are diffusion coefficient, film thickness, the surface area of
the crystal the difference between the actual concentration and the saturated
concentration, respectively. The crystal growth in this system was controlled by
diffusion of ions to surface area of nuclei. The crystal rate increases when the velocity

of supersaturated solution increases relatively to the crystal surface [69].

3.2 Chemical agents

The lists of the chemicals employed for synthesis of Mn-doped ZnS
nanoparticles and the list of chemical agents produced by each company as

representing in Table 3.1 and Table 3.2 respectively.



Table 3.1 List of chemical agents are using synthesis Mn-doped ZnS nanoparticles.

Chemical agents

Using for

1. Zinc Sulfate

(ZnSO4*7H,0)
2. Sodium Sulfide
(Na,S*9H,0)
3. Manganese (I) Sulfate
(MnSO,4"H,0)
4. Deionization water
(H,0)
5. Cyclohexane (CgH1,)
6.Triton X-100
C14H2,0(C,H,0)
(n = 9-10)

7. 1-Octanol (CgH;50)

Synthesis of Mn-doped ~ ZnS

Synthesis of Mn-doped Zn$S

Synthesis of Mn-doped ZnS

Water Phase

Oil Phase

Surfactant

Co-surfactant
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Table 3.2 The lists of chemical agents are produced by each company.

Chemical agents

Company

1. Zinc Sulfate

(ZnSO,4"TH,0) AR
Grade
2. Sodium Sulfide
(Na,S*9H,0) AR Grade
3. Manganese (II) Sulfate
(MnSO,4"H,0) AR Grade
4. De-ionized water
(H,0)
5. Cyclohexzane (C¢Hyp)
AR Grade
6. Triton X-100
C14H2,0(C,H,0),
(n = 9-10) AR Grade
7. 1-Octanol

(CgH50) AR Grade

Ajax Finechem Pty Ltd.

Carlo Erba Reagents

Carlo Erba Reagents

QRec

Panreac Quimica S. L. U.

Panreac Quimica S. L. U.

26
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3.3 Synthesis of Mn-doped ZnS nanoparticles

In this research, all samples of Mn-doped ZnS nanoparticle were synthesized

under 30 °C of temperature and 1 atm of pressure.

3.3.1 Synthesis of Mn-doped ZnS nanoparticles by micro-emulsion method as
various the molar ratios of water to surfactant (W) in a range 1, 3, 5, 7, 11 and

15
Mn-doped ZnS nanoparticles were prepared in cyclohexane/
Triton X-100/1-octanol water in oil reversed micelles via the micro-emulsion method.
Firstly, the micro-emulsion was prepared by mixing 50 ml of cyclohexane, 14 ml of
Triton X-100 and 3.7 ml of 1-octanol in continuously stirred beaker. Then an aqueous
solution of ZnSO, and MnSO, was added into a micro-emulsion while an aqueous
solution of Na,S was added into another. The volume of aqueous solution was
controlled by each the molar ratio of water to surfactant condition while the volume
of surfactant and co-surfactant was fixed. Total volume of water phase was added in
micro-emulsion system for each W. Concentration of ZnSO4, MNSO4 and Na,S was fixed
with 0.099, 0.100 and 0.001 M, respectively. After stirring, both micro-emulsions were
mixed under continuous stirring condition to ensure complete mixture.
And then, mixed both micro-emulsions slowly drop by drop and with continuous
stirring for 2 hours. After being left quiescently under the ambient temperature for
10 hours, white powder was observed. Finally, the precipitated sample was washed
by ethanol and de-ionized water in several times, filtrated and dried in hot air oven at
temperature of 100 °C for 1 hour. The products are in the further characterization.

This experimental procedure is represented in Figure 3.10.
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ZnS0,+MnSQ,
in DI water

Washed by
ethanol and DI

= A =

Figure 3.10 Experimental procedure of synthesized Mn-doped ZnS nanoparticles by

micro-emulsion method

3.3.2 Synthesis of Mn-doped ZnS nanoparticles by precipitation method

The molar ratio of water to surfactant and concentration are constant.
Concentration of ZnSO4, MNSO4 and Na,S are 0.099, 0.001 and 0.100 M, respectively.
Then, Na,S solution was dropped into beaker ZnSO; and MnSO, solution and
continuously stirring for 2 hours. After stirring time, the mixture was aged for 10 hours
at room temperature (30 °C). Then, the mixture was washed by ethanol and de-ionized
water in several time, filtrated and dried in hot air oven at 100 °C for 1 hours.
The products will be characterized further. This experimental procedure is represented

in Figure 3.11.



29

ZnS0,
in DI water

| Stirred 15 min |

[ Washed by |
ethanol and DI
water
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Figure 3.11 Experimental procedure of synthesized Mn-doped ZnS nanoparticles by

precipitation method

3.3.3 Synthesis of Mn-doped ZnS nanoparticles by micro-emulsion method at
various Mn concentrations with 0, 6 and 10 % by weight

This experimental procedure is the same section of 3.3.1 but changed
weight ratio of Mn to Zn following condition of scope in Table 3.3 while

the molar ratio of water to surfactant is constant as 1.

Table 3.3 Mn concentration at various weight ratios of Mn to Zn

Mn (wt. %) Weight ratio of Mn to Zn

0 0/100
6 6/94

10 10790
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3.3.4 Synthesis of Mn-doped ZnS nanoparticles by micro-emulsion method at
various reactant concentrations.

Reactant concentration in this experimental were used as followed in
Table 3.4. The experimental procedure is the same section of 3.3.1 but
changing reactant concentration while the molar ratio of water to surfactant

and weight ratio of Mn to Zn were constant as 1 and 6/94, respectively.

3.4 Characterization of Mn-doped ZnS nanoparticles

The morphology and particle size were analyzed by FE-SEM Particle size
distribution of samples was determined by particle size analyzer or zetasizer.
Crystalline structure of samples was analyzed by TEM and XRD (Bruker D8 Discover).
Photoluminescence property was analyzed by spectrofluorometer. Then, local

structure and oxidation number were determined by XAS.
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3.4.1 X-ray diffractometer (XRD)

X-ray diffractometer is important for determining crystalline structures. XRD can
be analyzed in powders and thin films. Crystalline structure of Mn-doped ZnS
nanoparticles were analyzed by XRD (Bruker D8 Discover) as shown in Figure 3.12.
The condition of XRD used CuKa radiation (A = 1.5406 A) at room temperature and

scanning rate as 0.02 second per step.

Figure 3.12 X-ray diffractometer (XRD)
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3.4.2 Transmission electron microscopy (TEM)

Transmission electron microscopy is a key tool for imaging the internal
microstructure of nanoparticles. Crystalline structure could be analyzed by high
resolution transmission electron microscopy (HRTEM) and selected area electron
diffraction (SAED) mode. All samples were analyzed by using TEM (JEOL-JEM 2100) as
shown in Figure 3.13. Mn-doped ZnS nanoparticles were diluted by absolute ethanol.
It was dispersed by ultrasonic bath for 1 hour. Dispersing mixture is dropped on
a copper grid coated by Formvar film. A grid was loaded into sample chamber and
waited vacuum condition and steady state inside the chamber. TEM operated on

120 kv.

Figure 3.13 Transmission electron microscopy (TEM)
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3.4.3 Field emission scanning electron microscopy (FE-SEM)

The field emission scanning electron microscopy (FE-SEM: JSM-7001F,
Figure 3.14) photograph morphology of particles in microstructure. Mn-doped ZnS
nanoparticles were diluted by absolute ethanol. It was dispersed in ultrasonic bath for
1 hour and then dropped on glass slide. The gold nanoparticles were deposited to
prevent charging at current 10 mA for 1 minute. The samples were loaded into sample

chamber. FE-SEM operated on 20 kV.

Figure 3.14 Field emission scanning electron microscopy (FE-SEM)
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3.4.4 Particle size analyzer (Zetasizer)

Particle size analyzer (Zetasizer, nanoseries zen 3600) as shown in Figure 3.15
analyzed particle size distribution. This equipment measured motion of nanoparticles
in media such as ethanol or water. The measured particle size is hydrodynamic
diameter (Dy). Mn-doped ZnS nanoparticle was diluted and dispersed by absolute
ethanol in ultrasonic bath for 1 hour. Then, dispersing mixture loaded into cuvette

quartz.

Figure 3.15 Particle size analyzer (Zetasizer)
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3.4.5 Spectrofluorometer

Spectrofluorometer (JASCO-FP6200) as illustrated in Figure 3.16 characterized
photoluminescence property. Mn-doped ZnS nanoparticle was diluted by absolute
ethanol and completely dispersed by ultrasonicate probe. The condition of
ultrasonicate probe was 10% of power and sonicated for 2 minutes. Then, colloidal
sample was loaded into cuvette quartz for analysis. Spectrofluorometer conditions
used excitation wavelength at 280 nm and scanned wavelength in a range

300-700 nm.

Figure 3.16 Spectrofluorometer
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3.4.6 X-ray absorption spectroscopy (XAS)

Local structure and oxidation number of samples can be determined by X-ray
absorption spectroscopy (Beam line 5.2 SUT-NANOTEC-SLRI) as shown in Figure 3.17.
EXAFS and XANES are characterized local structure and oxidation number,
respectively. The sample powders are loaded in a slide Kapton as illustrated in
Figure 3.17. And then, a Kapton slide was kept in XAS chamber. Higher 5% of
concentration in solid solution such as Zn element used transmission mode while
lower 5% of concentration in solid solution such as Mn element used fluorescence

mode.

BLS:

{Bux NANOTEC.§1 jy

Figure 3.17 X-ray absorption spectroscopy (XAS)



Figure 3.18 Preparation of sample for XAS analysis
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Primary particle size of Mn-doped ZnS nanoparticles at different synthesized

method

In this section, we studied the primary particle size of Mn-doped ZnS
nanoparticles synthesized by precipitation and micro-emulsion method. Mn-doped
ZnS nanoparticles synthesized by precipitation method is easier than micro-emulsion
method. Reactant concentrations (Cg) consist of 0.099 molarity (M) of ZnSO,4, 0.001 M
of MnSQO, and 0.10 M of Na,S. The molar ratio of water to surfactant (W) is constant.
In addition, Mn-doped ZnS nanoparticles synthesized by precipitation method was
noted by “PC”. In contrast, Mn-doped ZnS nanoparticle synthesized by
micro-emulsion method was noted by “ME”. The morphology, the primary particle
size and crystalline structure of Mn-doped ZnS nanoparticles determined by field
emission scanning electron microscopy (FE-SEM) and X-ray diffractometer (XRD),

respectively.

In general, the primary particle size of Mn-doped ZnS nanoparticles between
synthesized by precipitation method and micro-emulsion method could be analyzed
by electron microscope such as scanning electron microscope (SEM) and transmission
electron microscope (TEM). In this research, the primary particle size is usually used
field emission scanning electron microscope (FE-SEM). However, all particle sizes

consist of unequally particle size. Therefore, particle sizes should be described by
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a single number. Arithmetic mean or averaged particle size is approximated from
the primary particle size of Mn-doped ZnS nanoparticles. The Feret's diameter is
a commonly used measurement of particle size that characterized with microscope.
The Feret’s diameter was defined by “distance between two tangents on opposite

sides of the particle” as represented in Figure 4.1.

A—— oret's diameter

b < Parallel
tangents

Figure 4.1 Ferret’s diameter, reprinting in reference [70]

The orientation of the particle on the microscope slide will affect the projective
image. Therefore, particle size was presented by equivalent sphere diameter [70].
The averaged primary particle size (Dp) should be calculated by suitable number of
particles [71]. A number of the primary particle sizes can be measured by
image-processing program. Dependence of number of particle on the averaged primary
particle size of Mn-doped ZnS nanoparticles as W=1 was shown in Figure 4.2. As shown
in Figure 4.2, the averaged primary particle size was constant at number of particle
> 100. In this work, the number of particle of 200 was chosen for calculating

the averaged primary particle size of all samples.
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Figure 4.2 Dependence of number of particle on the averaged primary particle size

of Mn-doped ZnS nanoparticle synthesized by micro-emulsion at W=1

The morphology of Mn-doped ZnS nanoparticles was analyzed by FE-SEM as
shown in Figure 4.3. The agglomeration of the spherically shaped PCs and MEs
represented the morphology of these nanoparticles (Figure 4.3 (a-b)). The averaged
primary particle size and standard deviation (S.D.) of PC are 103+36 nm. . On the other
hand, the averaged primary particle size and standard deviation (S.D.) of ME are
1544 nm. Figure 4.3 (c) shows particle size distributions of PC and ME. In Figure 4.3 (c),
particle size distribution of PC is broader than that of ME. These results are in
correspondence with Gan et al. [31]. The cations (Zn** and Mn?") and anions (5%)
completely reacted with a result of the larger primary particles of PC.
In contrast, micro-emulsion method can control nucleation and growth via the molar

ratio of water to surfactant (W) [51,62].
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Figure 4.3 FE-SEM images of Mn-doped ZnS nanoparticles synthesized through (a) PC

and (b) ME. (c) is particle size distribution of the sample in (a) and (b), respectively.

Crystalline structure of Mn-doped ZnS nanoparticles could be characterized by
XRD. Figure 4.4 shows XRD patterns of PC and ME. In Figure 4.4, three peaks at 28.59°
(111),47.33°(220)and 56.27° (3 1 1) relatively corresponded to the standard card
(JCPDs 01-089-4958). These XRD patterns confirmed zinc blend crystalline structure of

Mn-doped ZnS.
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Figure 4.4 XRD patterns of Mn-doped ZnS nanoparticles: (a) precipitation method

and (b) micro-emulsion method

As known, many properties of nanoparticle for example optical property
depend on the particle size. The smaller sizes of nanoparticles are possibly higher
photoluminescent property. Therefore, the Mn-doped ZnS nanoparticles synthesized
by micro-emulsion is more appropriate for investigation of the W effect on

photoluminescence property in the next section.

4.2 Effect of the molar ratio of water to surfactant on photoluminescence

property

Mn-doped ZnS nanoparticles were synthesized by micro-emulsion method.
The molar ratio of water to surfactant (W) were varied in a range 1, 3, 5, 7, 11 and 15.
Concentration of ZnSO4, MNSO4 and Na,S were 0.099, 0.001 and 0.10 M, respectively.
All experiments were conducted under temperature of 30°C. The morphology,

the primary particle size and particle size distribution were determined by
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field emission scanning electron microscopy (FE-SEM) and particle size analyser
(zetasizer), respectively. Crystalline structures of synthesized Mn-doped nanoparticles
were characterized by X-ray diffractometer (XRD), selected area electron diffraction
(SAED) and high resolution transmission electron microscopy (HRTEM) while
photoluminescence property of Mn-doped ZnS nanoparticles was analysed by

spectrofluorometer.

From reaction mechanism in micro-emulsion system as reported in section
3.18, reversed micelle can control nucleation and particle growth because
the precipitation occurs inside reversed micelles. Therefore, reversed micelle size can
control the final particle size or the primary particle size. The many previous studies
explained effect of W values on the final particle size via relationship between
the molar ratio of water to surfactant and reversed micelle size. Then, this the effect

is explained by the previous studies in the next paragraph.

In 1993, Pileni proposed relationship between the molar ratio of water to
surfactant and reversed micelle size. However, reversed micelle sizes are estimated
by water pool size in reversed micelles. This relationship was developed as equation

4.1 for assuming spherical reversed micelles as
Rp = 32 (4.1)
Sp

where Rp, Vp and Sy are reversed micelle radius, the volume and the surface area of
sphere, respectively. Assuming the volume and the surface area of the droplets are
governed by the volume of the water molecules and by the surfactant molecules.
Then, assuming water pool radius (Ry) is similar to reversed micelle radius (Ry = Ry).

It can be expressed in equation 4.2.



aq

Ry = 3W = 4.2)

Where Ry, W, V,q and A are water pool radius, the molar ratio of water to
surfactant, the volume of water molecule and the polar head area of surfactant,
respectively [66]. The volume of water molecule of 30 A* was reported by Pileni and
colleagues [72], while the polar head area of surfactant of Triton X-100 of 100.7 A? was
found by Ruiz et al. and Molina-Bolivar et al. [73,74]. Water pool radius were calculated
by equation 4.2 with variable W values. Water pool radius were 9, 27, 45, 63, 98 and
134 nm with W=1, 3,5, 7, 11 and 15, respectively. These dates were plotted in Figure
4.5. In Figure 4.5, the plot between the molar ratio of water to surfactant and water
pool radius shows in linear relation. There are the previously various experiments
confirmed the linear variation of water pool radius with the molar ratio of water to

surfactant as represented in Table 4.1.
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Figure 4.5 Variation of water pool radius of reversed micelle as various W values
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Table 4.1 Water pool radius at various W values reported by the previously studies

W Water pool radius (nm) Analyzer Ref.

1-40 100-980 Small angle X-ray scattering (SAXS)  [72]

Dynamic Quasi Elastic
1.8-8.8 3.7-5.7 [75]
Light Scattering (QELS)

2-8 1.1-2.3 Small angle X-ray scattering (SAXS)  [76]
5-30 1.4-19.5 Small angle X-ray scattering (SAXS)  [77]
3-60 210-1200 Photon-correlation spectroscopy [78]
2-15 1.4-4.0 Monte Carlo Simulation [79]

The morphology and particle size distribution of Mn-doped ZnS nanoparticles
at different W values were shown in Figure 4.6. For FE-SEM images, the morphology of
Mn-doped ZnS nanoparticles are spherical shape and the primary particles are
agglomeration. For particle size distribution as shown in Figure 4.6, particle size
distribution is broader as higher W values. In Figure 4.7, the data of the averaged
primary particle size and standard deviation of varied W values are 15+4, 1945, 22+7,
27+6, 3111 and 35+11, respectively. The averaged primary particle size increases and
particle size distribution is broader, when the molar ratio of water to surfactant
increases as illustrated in Figure 4.7. These results agreed well with the many previous

studies [36,66,75-77,80-87].
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Figure 4.6 FE-SEM images and particle size distribution of Mn-doped ZnS

nanoparticles at various W values
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In the many previous studies, explanation of effect of the molar ratio of water
to surfactant on the primary particle size consists of mainly two attributions via
influence of the molar ratio of water to surfactant on reversed micelle size or water
pool size. Firstly, when the W value increases, water pool sizes increases.
Therefore, reactant in reversed micelle can exchange by a collision process and
possible reaction among reversed micelles to occur more easily. The nucleation rate
and particle growth are controlled by the collision, fusion and splitting of reversed
micelle. As a result, the averaged primary particle size becomes larger and particle size
distribution becomes broaden when W value increases [36,79,80]. Secondary,
Qui et al. reported that increase in W value leads to water pool size and number of
ions per number of reversed micelle increase [77]. From the nucleation and growth
phenomena, the stable nucleus must be formed when ion occupancy number in
water pool is much more than the critical number of monomer (N¢) [88]. Then,
the nuclei incorporate with ions and it becomes larger particle. Therefore, the higher
ratio of number of ions to number of reversed micelle leads to a larger particle size.
In summary, with increased W values, the averaged primary particle size of Mn-doped

ZnS becomes larger and particle size distribution broader.

On the other hand, the averaged secondary particle size (Ds) was analyzed by
zetasizer. The averaged secondary particle sizes were illustrated in Figure 4.8.
Dependence of the averaged secondary particle size upon W extracted from all
histograms in Figure 4.8 was plotted in Figure 4.9. The averaged secondary particle size
and standard deviation of Mn-doped ZnS nanoparticles are 526+138, 315+128,
240+66, 29185, 244+72 and 340+76 nm at W=1, 3,5, 7, 11 and 15, respectively. The
averaged secondary particle size are larger than the averaged primary particle size

because the agglomerated primary particles become the secondary particle as clearly
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illustrated FE-SEM images in Figure 4.6. Furthermore, the particle size measured by
dynamics light scattering technique was calculated by Stoke-Einstein equation:

kgT
3mnyv

where Dy, ks, T, My and V are hydrodynamic diameter, Boltzmann’s constant,
absoluted temperature, viscosity and transition diffusion coefficient, respectively [89].
Hydrodynamic diameter is an equivalent diameter of a spherical particle.
Thus, the averaged secondary particle size is larger than the averaged primary particle
size. In addition, dependence of W on the averaged secondary particle size can be
explained by surface per volume of the primary particles. When the primary particle
size is smaller, surface area per volume of the primary particle becomes higher.
Therefore, the primary particles are more rigorous agglomeration leading to the larger

the secondary particle size of nanoparticles [69,90].
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Figure 4.9 Dependence of the molar ratio of water to surfactant on the averaged

secondary particle size analysed by zetasizer

XRD patterns of all synthesized samples were shown in Figure 4.10.
Three peaks at 29.08° (1 1 1), 48.08° (2 2 0) and 56.52° (3 1 1) are in good agreement
with the standard card (JCPDs 01-089-4958), which are also consistent with SAED
(discussed later). These XRD patterns reveal that all samples consist of Mn and ZnS
crystals which co-exist as the zinc blend crystalline structure. In addition, no crystalline
structure of Mn-doped ZnS nanoparticles was changed at various the molar ratios of
water to surfactant. Furthermore, the averaged crystalline size (D¢) can be estimated
by Scherrer’s equation that represented in equation 4.4 where D¢, k, A, B and 0 are
the averaged crystalline size, the constant of crystalline sharp factor (~0.90), CuKa
radiation wavelength (1.5406 A), the full width half maximum intensity (FWHM) and
Bragg angle of diffraction peak, respectively [91]. FWHM is calculated by the (1 1 1)

diffraction peak for all samples.

_ k
¢~ BcosB
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The averaged crystalline sizes were of 2.9, 3.1, 3.2, 3.5, 3.7 and 3.9 nm at
the molar ratio of water to surfactant of 1, 3, 5, 7, 11 and 15, respectively. Dependence
of the molar ratio of water to surfactant on the averaged crystalline size is plotted in
Figure 4.11. The molar ratio of water to surfactant is not significant dependent on

the averaged crystalline size.
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Figure 4.10 XRD patterns of Mn-doped ZnS nanoparticles at various W values
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In addition, the microcrystalline structure of Mn-doped ZnS nanoparticles can
be determined by selected area electron diffraction (SAED). SAED patterns of
Mn-doped ZnS nanoparticle at various W values were illustrated in Figure 4.12.
The Camera equation in Appendix C [92,93] was used to calculate the crystalline
planes. The zinc blend crystalline planes (1 1 1), (22 0) and (3 1 1) supported the XRD
results. In addition, SAED patterns of Mn-doped ZnS nanoparticles are clearly
polycrystalline structure according to high resolution transmission electron microscopy

(HRTEM) images as shown in Figure 4.13.
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Figure 4.12 SAED images of Mn-doped ZnS nanoparticle at different W values
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Figure 4.13 HRTEM images of Mn-doped ZnS nanoparticles at different W values

In section 3.17, the molecules can be absorbed by UV light until excited
molecules and emitted in visible lights. The emitted visible lishts are detected by
detector of Spectrofluorometer. The signals from detector are adjusting into graph of
intensity versus various wavelengths [94,95]. Therefore, photoluminescence property

of Mn-doped ZnS nanoparticles could be determined by Spectrofluorometer.

Photoluminescence property of all synthesized Mn-doped ZnS nanoparticles
was observed from Figure 4.14. With W values of 1, 3, 5, 7, 11 and 15, the synthesized
Mn-doped nanoparticles exhibited two main peaks which are blue emission peak at
309 nm emitted from ZnS host and another yellow-orange emission at 611 nm emitted
from Mn dopant. The energy transfer from s-p states of ZnS host to d-state of
Mn metal ions would attribute to emission of yellow-ornange photoluminescence

spectra as reported by Bhagawa et al. [29]. In addtion, the emission peak at 340 nm
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and 585 nm are emitted by the ZnS vacancies and sulfer vacancies, respectively.
These vacancies introduce new energy levels (defect states) in forbidden band gap of
semiconductor [48]. The comparision with the emission spectra of Mn-doped ZnS,
blue shift about 4 nm of yellow-orange emission were observed. Moreover, ZnS and
Mn emission intensity decrease while the relative intensity of Mn emission to ZnS
emission almost constant, when the molar ratio of water to surfactant increases as
shown in Figure 4.15. Again, higher the molar ratio of water to surfactant leads to
smaller the primary particle size. Subsequently, the primary particle size affects to
photoluminescence intensity and quantum yield that had been reported by Bhargava

et al. and Bhargava [28,29].
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Figure 4.14 Photoluminescence spectrums of Mn-doped ZnS nanoparticles

at various W values
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Figure 4.16 Schematic recombination process in a nanoparticle for doping impurity

In Figure 4.16, after electrons absorbed energy and moved to excited state,
the electrons returned to ground state or recombination and emitted energy of light
or heat. Therefore, quantum vyield is defined by the ratio of radiative recombination
rate to total recombination rate as shown in equation 4.6 where n, 1/1z and 1/Tyg are

quantum vyield, radiative rate and non-radiative rate, respectively [96]. Furthermore,
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easier definition of quantum yield is the ratio of the number of emitted photons on

the number of absorbed photons [58].

n = 1/Tr

Non-radiative recombination rate (1/Tyg) should depend on the number of
surface atoms per unit volume which inversely proportional to the particles size (1/Dp)
[97]. The radiative rate of impurity was defined as shown in equation 4.7 where O, vy,
and N are the centre size of an electron, the thermal velocity of an electron and

the number of impurities per unit volume, respectively [98].

1/tg = ovy, N (@.7)

Assuming there is only impurity per one nanoparticles because concentration
quenching of luminescence occur when the doping concentration increases.
Thus, the radiative rate (1/1g) is proportional to number of density of Mn ion at the Zn
site within a nanoparticle. Hence, it is inversely proportional to the volume of
the nanoparticle (1/Dy°) for the case of a single Mn ion with in a nanocrystal.
The non-radiative recombination rate (1/Tyg) varies as 1/Dp as expressed above.
Therefore, the expressed quantum yield was shown in equation 4.8 where @ is

the constant ratio of Ty to Tyg.

n=— (@.8)

- 2
1+aDp

From equation 4.8, quantum yield increases when the primary particles size deceases

[29].
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In conclusion, photoluminescence intensity increases when the averaged
primary particle size deceases at constant Mn concentration. Moreover, the effect of
Mn concentration on photoluminescence property at constant the primary particle

size were presented in the next section.

4.3 Effect of Mn concentration on photoluminescence property

In  this section, Mn-doped ZnS nanoparticles were synthesized by
micro-emulsion method at various Mn concentrations of 0, 6 and 10% by weight.
The constant molar ratio of water to surfactant is of 1. All experiments were conducted
under room temperature of 30 °C. The morphology and the primary particle size,
crystalline structure and photoluminescence property of synthesized Mn-doped
nanoparticles were characterized by field emission scanning electron microscopy
(FE-SEM), X-ray diffractometer (XRD) and spectrofluorometer. In addition,
local structure and oxidation number of Mn-doped ZnS nanoparticles were analysed
by extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge

structure (XANES).

The morphology and the averaged primary particle size of nanoparticles
determined by FE-SEM were shown in Figure 4.17. The morphology of pristine ZnS
nanoparticles, 6% Mn-doped ZnS nanoparticles and 10% Mn-doped ZnS nanoparticles
were spherical shape and uniform. The averaged primary particle size of pristine ZnS
nanoparticles, 6% weight of Mn-doped ZnS nanoparticles and 10% weight of
Mn-doped ZnS nanoparticles were 16+5 16+6 and 16+5 nm, respectively.
Dependence of the averaged primary particle size on Mn concentration is shown in
Figure 4.18. This result corresponded with Whiffen et al. who synthesized Mn-doped

ZnS nanoparticles by micro-emulsion method at constant W value [48].
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Therefore, the averaged primary particle sizes only depend on the molar ratio of water

to surfactant as explained in the section 4.2.
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Figure 4.17 FE-SEM images and particle size distribution of Mn-doped ZnS

nanoparticles: (a) pristine ZnS, (b) 6% Mn-doped ZnS and (c) 10% Mn-doped ZnS

XRD patterns of synthesized Mn-doped ZnS nanoparticles were represented in
Figure 4.18. The three peaks of this nanoparticle appeared at 29.08° (1 1 1), 48.08°
(2 20)and 56.52° (3 1 1) relative to the standard card (JCPDs 01-089-4958). These XRD

patterns reveal that all samples consist of Mn and ZnS crystals which co-exist as
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zinc blend crystalline structure. For synthesized pristine ZnS, the XRD pattern was
shown in Figure 4.18. Three main peaks at 28.62° (1 1 1), 47.42° (2 2 0) and 56.78°
(3 1 1) were confirmed with the standard card (JCPDs 03-065-0309). Inset in Figure 4.18
shows data of (1 1 1) peaks in Gaussian distribution with a range of 20-40°.
When Mn concentration increases, (1 1 1) peaks are slightly blue shift. Based on
Bragg’s equation [91] and Camera equation [92,93], the Bragg angle, d-spacing and
lattice parameter values were shown in Table 4.2. When Mn concentration increases,
Bragg angle slightly decreases while d-spacing and lattice parameter slightly increase.
The Mn?* (ionic radius 0.83 nm [99]) can be incorporated in ZnS lattice. Note that
the ionic radius of Zn”" is significantly smaller (0.74 nm). These XRD patterns confirmed
the zinc blend crystalline structure and Mn incorporated in ZnS lattice. In addition,
Mn concentration had no effect on the crystalline structure of Mn-doped ZnS
nanoparticles and no secondary phase was found as confirmed by EXAFS analysis

(discussed later).

Intensity (a.u.)

Intensity (a. u.)

2 Theta (°)

Figure 4.18 XRD patterns of Mn-doped ZnS nanoparticles at various
Mn concentrations: (a) pristine ZnS, (b) 6% Mn-doped ZnS and (c) 10% Mn-doped

ZnS with the inset showing XRD patterns in a range 20-40°
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Table 4.2 Bragg angle, d-spacing and lattice parameter at various Mn concentrations

Mn Concentration (wt. %) 20 (°) d-spacing Lattice Parameter
A)
0 28.66 3.11176 5.38972
6 28.48 3.13134 5.42363
10 28.41 3.13874 5.43646

The averaged crystalline size of pristine ZnS, 6% Mn-doped ZnS and
10% Mn-doped ZnS are 3.2, 3.3 and 3.4 nm, respectively. The averaged crystalline size
at various Mn concentrations was shown in Figure 4.19. The averaged crystalline size
of Mn-doped ZnS nanoparticles does not depend on the Mn concentration.

Similar results have been previously reported [37,44,48].
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Figure 4.19 Averaged crystalline size at different Mn concentration
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Photoluminescence properties of all samples are observed from Figure 4.20.
Photoluminescence spectra of Mn-doped ZnS nanoparticles at Mn concentration of
6% and 10% by weight exhibited two main peaks which are blue emission peak at 320
nm emitted from ZnS host and yellow-orange emission peak at 578 nm emitted from
doping Mn. Differentially, the photoluminescence spectrum of pristine ZnS was

observed at 317 nm as emitted from ZnS host.

Intensity (a. u.)

Wavelength (nm)

Figure 4.20 Photoluminescence spectrums of Mn-doped ZnS nanoparticles;

(a) pristine ZnS, (b) 6% Mn-doped ZnS and (c) 10% Mn-doped ZnS

The photo-physics of undoped and Mn-doped nanocrystals may be explained
using schematic diagram in Figure 4.21. In ZnS nanocrystals, the blue emission arises
from the de-excitation of ZnS following the energy transfer from the excitation.
In Mn-doped nanocrystals, both blue (weak) and yellow-orange (strong) emissions are
observed and dominant yellow-orange emission is due to Mn incorporated in ZnS host
[38]. In addition, Mn emission intensity shows maximum but ZnS emission intensity
shows minimum, when Mn concentration is 10% Mn-doped ZnS. The intensity of

yellow-orange emission increases when Mn concentration increases, resulting in
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increased the relative intensity of yellow-orange emission to blue emission as shown

in Figure 4.22. This result is in correspondence with the previous reports [11,38,39].
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Figure 4.21 Schematic the decay of electron via different channels in

Mn-doped ZnS nanocrystals, modified from reference [38]
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Figure 4.22 Dependence of Mn concentration on various emission intensities:

(a) the relative emission intensity, (b) ZnS peak intensity and (c) Mn peak intensity
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Furthermore, the position of emission peaks shifts to low energy or redshift of
emission peak when the doping concentration increases. This result corresponds with
some the previous research [10,21]. Redshift could be explained by the different ion
radius between Mn** and Zn*". The different ion radius of Mn*" and Zn* introduce
lattice distortion that would influence the energy level structure of ZnS. However,
red shift of the yellow-orange emission could be also explained by the high density
of surface state [100-102]. The surface area per unit volume for nanoparticles is
increased when particle size decrease. Thus, it would bring more defects states on

the surface on the surface as increasing Mn concentration.

Substitution of Mn ions in ZnS host can be determined by extended X-ray
absorption fine structure (EXAFS) [103,104]. For, pristine ZnS nanoparticles,
EXAFS spectra was measured in transmission mode for Zn K-edge. The normalized
background and Fourier transformation of the signal of EXAFS data were performed
using ATHENA program in the IFEFFIT package [105]. The magnitude of
the Fourier transformation of pristine ZnS nanoparticles was shown in Figure 4.23.
The radial distance of Zn-S was observed at 2.33 A in good agreement with

EXAFS spectrum of pristine ZnS nanoparticles in Figure 4.23 [106].
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Figure 4.23 Fourier transformed spectra of Zn K-edge EXAFS for pristine ZnS
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Figure 4.24 Fourier transformed spectra of Mn K-edge EXAFS for Mn-doped Zn$S

nanoparticles: 6% Mn-doped ZnS (solid line) and 10% Mn-doped ZnS (dot line)
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For 6% and 10% Mn-doped ZnS nanoparticles, EXAFS spectrums were
measured in fluorescence mode for Mn K-edge. The normalized background and
Fourier transformation of measured EXAFS data were also performed using ATHENA
program in the IFEFFIT package [105]. When Mn atoms were added in the ZnS host,
three types of Mn could be formed: (i) Mn atoms substitutionlly incorporated in ZnS
host, (i) Mn clusters and (iii) Mn sulfide (MnS) compounds. EXAFS spectrums of
6% and 10% Mn-doped ZnS nanoparticles were represented in Figure 4.24. The
previous works have been reported that radial distances of Mn-S, Mn-Mn and Mn-Zn
were 2.39+0.01 A, 2.92+0.03 A and 3.86+0.03 A, respectively [107,108]. EXAFS peaks of
6% and 10% Mn-doped ZnS nanoparticles presented at =3.86 A, while the two peaks
at =2.39 A and =2.92 A were totally disappeared. Therefore, Mn were incorporated in
ZnS host, while the Mn clusters and MnS compounds cannot be formed. In addition,
these EXAFS results were in agreement with XRD patterns. Unfortunately, many peaks
of EXAFS spectra in Figure 4.23 are not correspondent with the radial distance of
Zn-S. This is also found in Figure 4.24 that many peaks of EXAFS spectra has no relation
with the radial distances of Mn-S, Mn-Mn and Mn-Zn. The point of views should be

further investigated.
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Figure 4.25 Zn K-edge XANES spectrums of Mn-doped ZnS nanoparticles

Oxidation number of Zn and Mn in Mn-doped ZnS nanoparticles could be
analyzed by XANES. Figure 4.25 shows the normalized Zn K-edge XANES spectrums of
Mn-doped ZnS nanoparticles at various Mn concentrations. For pristine ZnS, 6% and
10% Mn-doped ZnS nanoparticles, the edge energies were found at 9661 eV which is
consistent with the edge energy of standard ZnS (oxidation number of Zn = 2+).
Therefore, oxidation number of Zn of all samples are also Zn**. In contrast, Figure 4.26
shows the normalized Mn K-edge XANES spectrums of Mn-doped ZnS nanoparticles
at various Mn concentrations. For 6% and 10% Mn-doped ZnS nanoparticles, the edge
energy was found at 6548 eV in a relative correspondence with that of standard MnS
(oxidation number of Mn = 2+). Therefore, oxidation number of Mn of all samples

possesses 2+.
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Figure 4.26 Mn K-edge XANES spectrums of Mn-doped ZnS nanoparticles

However, synthesized Mn-doped ZnS nanoparticles at various the molar ratios
of water to surfactant and Mn concentration has little amount of product. Increasing
reactant concentration is the easiest route for increasing amount of Mn-doped ZnS
nanoparticles product. In classical crystallization theory, reactant concentration
exactly influences the primary particle size. In addition, the primary particle size also
affects photoluminescence property. Therefore, the effect of reactant concentration

on the primary particle size will be studied and explained in the next section.
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4.4 Effect of reactant concentration on the primary particle size of Mn-doped

ZnS nanoparticles

In  this section, Mn-doped ZnS nanoparticles were synthesized by
micro-emulsion method at various reactant concentrations. The molar ratio of water
to surfactant (W) and Mn concentration were fixed at 1 and 6% by weight, respectively.
This experiment was varied by reactant concentration as 0.25 and 0.50 M.
All synthesized product were conducted under room temperature of 30 °C.
The morphology, the primary particle size and crystalline structure of synthesized
Mn-doped nanoparticles were characterized by field emission scanning electron
microscopy (FE-SEM), X-ray diffractometer (XRD), selected area electron diffraction

(SAED) and high resolution transmission electron microscopy (HRTEM), respectively.

From FE-SEM image (Figure 4.27), the morphology of Mn-doped ZnS
nanoparticle were spherical shape and uniform. The averaged primary particle size and
standard deviation at reactant concentration of 0.25 and 0.50 M are 23+6 and 49+17
nm, respectively. From Figure 4.17 (b), the averaged primary particle size and standard
deviation of 0.10 M of reactant concentration is 16+6 nm. Figure 4.28 shows
dependence of reactant concentration on the averaged primary particle sizes of
Mn-doped ZnS nanoparticles. The averaged primary particle size is larger and particle
size distribution is broader, when reactant concentration is higher. These results are in
correspondence with the previous studies [77,87,109-111]. In general, the effect of
reactant concentration on the primary particle size can be explained by classical
crystallization theory. At higher reactant concentration, fast nucleation rate and large
number of nucleus were formed. As a result, the primary particle sizes were small
[55,90]. In micro-emulsion system, the precipitation was controlled by inter-micellar

exchange or mass transfer of reactants. In many the previous studies, many smaller
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nuclei size were formed at higher reactant concentration. The nucleus have high
surface energy because of small size. Thus, the nuclei aggregate into larger the primary
particle size. Meanwhile, aggregation of small nucleus take place via intermicellar
exchange leading to larger the primary particles size and broader particle size

distribution [77,87,109,110].

I’?; or
X 100,000 100 nm

r—
100 nm

Figure 4.27 FE-SEM images of Mn-doped ZnS nanoparticles synthesized through
(a) 0.25 M and (b) 0.50 M. (c) and (d) are the corresponding particle size distribution

of the sample in (a) and (b), respectively.
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Figure 4.28 Dependence of reactant concentration on the averaged primary particle

size of Mn-doped ZnS nanoparticles
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XRD patterns of Mn-doped ZnS nanoparticles at reactant concentration of 0.25
and 0.50 M were illustrated in Figure 4.29. The three peaks of this nanoparticle
appeared at 29.08° (1 1 1), 48.08° (2 2 0) and 56.52° (3 1 1) relative to the standard
card (JCPDs 01-089-4958) which is also consistent with SAED (discussed later).
These XRD patterns confirmed that these samples consist of Mn and ZnS crystals
which co-exist as zinc blend crystal structure. In addition, the averaged crystalline size
at reactant concentration of 0.25 and 0.50 M are 3.5 and 3.9 nm, respectively.
Dependence of the averaged crystalline size with reactant concentration is shown in
Figure 4.30. Reactant concentration does not significantly depends on the averaged

crystalline size of Mn-doped ZnS nanoparticles.

Intensiry (a.u.)

10 20 30 40 50 60 70
2 Theta (6)

Figure 4.29 XRD patterns of Mn-doped ZnS nanoparticles at various

reactant concentrations: (a) 0.25 M and (b) 0.50 M
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Figure 4.30 Dependence of reactant concentration on the averaged crystalline size

The microcrystalline structure of Mn-doped ZnS nanoparticles were
determined by SAED (Figure 4.31). Crystalline planes of Mn-doped ZnS nanoparticle at
various reactant concentrations consist of (1 1 1), (2 2 0) and (3 1 1). This result is in
a good agreement with XRD patterns. In addition, all synthesized Mn-doped ZnS
nanoparticles are polycrystalline structure according to HRTEM images as shown in

Figure 4.32.

_, (311)
— (220)

- (111)

\\

Figure 4.31 SAED images of Mn-doped ZnS nanoparticles at various

reactant concentrations: (a) 0.25 M and (b) 0.50 M
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Figure 4.32 HRTEM images of Mn-doped ZnS nanoparticles at various

reactant concentrations: (a) 0.25 M and (b) 0.50 M

The amount of Mn-doped ZnS nanoparticles product at various reactant
concentrations are shown in Figure 4.33. The amount of product increases when
reactant concentration increases. In addition, reaction of synthesized Mn-doped ZnS
nanoparticles do not complete when comparison between the amount of product in

experimental and the amount of product calculated by theory.

50
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Figure 4.33 Amount of Mn-doped ZnS nanoparticles product at various

reactant concentrations: Experiment (White) and Theory (Black)
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The amount of Mn-doped ZnS nanoparticles product increases when reactant
concentration increases while the averaged primary particle size increases because of
aggregation of small nucleus. As a result, decreased photoluminescence property as
attributed in section 4.2. However, there is a good idea solving this problem that is
synthesis of Mn-doped ZnS nanoparticles with prefabricated micro-emulsion. The total
results represented in Appendix F. The morphology and the primary particle size,
crystalline structure of Mn-doped ZnS nanoparticles synthesized by prefabricated
micro-emulsion were characterized by field emission scanning electron microscopy
(FE-SEM), X-ray diffractometer (XRD), selected area electron diffraction (SAED) and high

resolution transmission electron microscopy (HRTEM), respectively.

In conclusion, the averaged primary particle size of Mn-doped ZnS
nanoparticles is 20+7 nm. XRD pattern and SAED of Mn-doped ZnS nanoparticles are
in good agreement with crystalline planes of (1 1 1), (22 0) and (3 1 1). Mn-doped ZnS
nanoparticles is polycrystalline that was confirmed by SAED and HRTEM images.
The amount of product of Mn-doped ZnS nanoparticles synthesized by prefabricated
micro-emulsion is higher from 8 to 55 milligrams. It is a very good results because of
smaller the primary particle size while higher the amount of product. Unfortunately,
these results cannot explanation now but they are interesting in the further

investigation.



CHAPTER V

CONCLUSIONS

5.1 Conclusions

The averaged primary particle size of ME is smaller than the averaged primary
particle size of PC because the primary particle size of ME was controlled by reversed

micelle in micro-emulsion system.

Mn-doped ZnS nanoparticles could be synthesized by micro-emulsion method
at various the molar ratio of water to surfactant (W). The morphology of Mn-doped
ZnS nanoparticles are spherical shape and the primary particles are agglomeration.
The averaged primary particle size of Mn-doped ZnS nanoparticles increases when
the molar ratio of water to surfactant increases because of the effect of water pool
size in reversed micelle. The averaged secondary particle size increases when
the averaged primary particle size decreases because smaller the particle size has high
surface energy and agglomerates to larger the averaged secondary particle size.
Crystalline structure of all samples was zinc blend crystalline structure that was
confirmed by SAED and XRD. SAED and HRTEM images confirmed polycrystalline of
Mn-doped ZnS nanoparticles. The emission peak of ZnS and Mn were observed at 309
and 611 nm, respectively. The photoluminescence intensity of ZnS and Mn increases

when the averaged primary particle size decreases with explained by quantum yield.
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For various Mn concentrations, the averaged primary particle size dose not
depend on Mn concentration because of constant the molar ratio of water to
surfactant. All synthesized Mn-doped ZnS nanoparticles are zinc blend crystalline
structure that was confirm by XRD. The emission peak of pristine ZnS observed at
317 nm while the emission peaks of 6% and 10% Mn-doped ZnS nanoparticles
observed blue emission peak at 320 nm emitted from ZnS host and yellow-orange
emission peak at 578 nm emitted from Mn. The emission intensity ratio of
yellow-orange to blue increases when Mn concentration increases. Mn were
incorporated in ZnS host, while the Mn clusters and MnS compounds cannot be
formed that were confirmed by EXAFS. In addition, oxidation number of Zn and Mn in
Mn-doped ZnS nanoparticles were Zn** and Mn?*, respectively, which were confirmed

by XANES.

For various reactant concentrations, the averaged primary particle size and
amount of Mn-doped ZnS nanoparticles product increase when reactant
concentration increases. It could be explained by particle growth in micro-emulsion
system. SAED and XRD confirmed zinc blend crystalline structure of Mn-doped ZnS
nanoparticles. In addition, all synthesized Mn-doped ZnS nanoparticles were

polycrystalline that were confirmed by SAED and HRTEM images.
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5.2 Expected Benefits

1. Mn-doped ZnS nanoparticles can be synthesized by micro-emulsion
method.

2. Understanding effect of W on photoluminescence of ZnS synthesized by
micro-emulsion method by taking into account molar ratio of water to
surfactant.

3. Understanding effect of Mn on photoluminescence of ZnS synthesized
by micro-emulsion method by taking into account Mn concentration.

4. Understanding effect of reactant concentration on the primary particle
size of Mn-doped ZnS nanoparticles synthesized by micro-emulsion

method.

5.3 Future Works

1. Investigation of Mn-doped ZnS nanoparticles synthesized by
prefabricated micro-emulsion as fixed W=1 with increased amount of
surfactant and co-surfactant.

2. Application of Mn-doped ZnS nanoparticles in solar concentrator that is

prepared by PMMA sheet.
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APPENDIX A

NOMENCLATURE

lattice parameter

the polar head area of surfactant

atomic weight of element 1

change in interfacial area

critical micelle concentration

concentration of element 1 by weight percent
concentration of element 1 by mole percent
Mn concentration

reactant concentration

density of electronic state

the averaged crystalline size

hydrodynamic diameter

the averaged primary particle size

the averaged secondary particle size
d-spacing calculated by SAED pattern

fermi energy

band gap energy

Gibbs free energy change

enthalpy change

the relative emission intensity

empirical exponent
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the constant of crystal shape factor (~0.90)
Boltzmann’s constant

the fully extended chain length of the surfactant
camera length

bar length in SAED image

the weight or mass of elements 1

the weight or mass of elements 2

the number of impurities per unit volume
the critical number of monomer

number on bar in SAED image

the number of mole in element 1

the number of mole in element 2
pressure

the radius of reversed micelle

radius of crystal plane

the radius of sphere droplet

nucleus radius

critical nucleus radius

standard deviation

the surface area of sphere

entropy change

temperature (K)

the surfactant hydrocarbon volume

the volume of sphere droplet

the volume of water molecule

the molar ratio of water to surfactant

number of mole of Mn dopant



= < ™

Nv

Vih

1/7x

1/TNR

the ratio of Tzto Ty

the full width half maximum intensity (FWHM)
the water/oil interfacial tension (IFT)
quantum yield

viscosity

Bragg angle of diffraction peak

CuKa radiation wavelength (A = 1.5406 A)
electron wavelength

transition diffusion coefficient

the thermal velocity of an electron

the centre size of an electron
band-to-band recombination rate

nonradiative recombination rate
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APPENDIX B

CALCULATED CRYSTALLINE PLANES BY SELECTED-AREA

ELECTRON DIFFRACTION (SAED) IMAGE

Crystalline planes are calculated by Camera equation (equation B1). Where
Re, dsaen, Ae @and L¢ are radius of crystalline plane, d-spacing calculated by SAED,

electron wavelength and camera length, respectively [92,93].

Redsapp = Aelc (B1)

For the parameter of camera length is calculated by equation B2 where | and
n are bar length and number on bar in SAED image as illustrated in Figure B1,

respectively [93].

LC — g (BZ)

Figure B1 Bar in SAED image

Parameter of | and n were shown in Figure B1. Then, the calculating dssep Value
from equation B1 added in equation B3 and calculated (h?+k*+(?) value. Parameter of
a and (h?+k*+1%) in equation B3 are lattice parameter (as shown in JCPDs) and miller
indices, respectively. However, equation B3 only uses in cubic crystalline structure

case. Finally, (h%+k?+12) compared crystalline plane {h, k, (} in Table B1.
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1 (h?4+k%+1?)

2 2
dSaED a

Table B1 Possible (h? + k* + %) values at different crystalline planes [92]

(h* + K + %) {h, k,
1 100
2 110
3 111
4 200
5 210
6 211
7 -

8 220
g 221 or 300
10 310
11 311
iz 222
13 320

14 321
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Example: Mn-doped ZnS nanoparticle were synthesized by micro-emulsion method
at W=3 and Mn concentration = 1% by weight. SAED image of Mn-doped ZnS

nanoparticles were shown in Figure B2.

Figure B2 SAED image of Mn-doped ZnS nanoparticles synthesized by

micro-emulsion at W=3 and C;, = 1 wt. %.

o Calculated L¢ by equation B2 where | = 1.0 cm, n = 2 /nm and

Ae = 0.003 nm.

1.0 cm
Lc = > = 167 cm

— X 0.003nm
nm

° Calculated dspep by equation B1 where R1 = 1.6 cm, R2 = 2.6 cm and

R3 = 3.1 cm, respectively.

Lelc  0.003nm X 167 cm

dSAED,l = R = 0.31 nm

1 1.6 cm
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Lelc  0.003nm X 167 cm

dsagp2 = R, = > 6 om = 0.19 nm
Aele  0.003nm X 167 cm
dsagp3 = R = = 0.16 nm

3 3.1cm

e  Calculated (h? + k* + 1)) by equation B3 where a = 0.54110 nm (JCPDs

01-089-4958)
a? B 0.54110% nm?

h? +k* +17) = = =28~3
(W™ + k%419 dZaED 1 0.312 nm?
a? 0.54110% nm?
h? + k2 +12) = = =79 ~8
(0" + k5419 dZaep 2 0.192 nm?
W ykzapy= o2 0SHamT_
"~ dZsgps  0.162nm2 T T T

e  Comparison between (h? + k* + (% value and crystalline plane in

Table C1.

Therefore, crystalline planes of Mn-doped ZnS nanoparticles at W=3 consist of

(111),(220)and (31 1).
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APPENDIX C

CALCULATED K-SPACE AND RADIAL DISTANCE BY ENERGY DATA OF EXAFS

Definition of EXAFS structure is shown in equation C1. Where u (E) and g (E)
are sample absorption and atomic background absorption, respectively [103,104].
EXAFS spectra of this definition were plotted in Figure C1. Figure C1 are the normalized
EXAFS spectra of Mn-doped ZnS nanoparticles at Mn K-edge.

(E) =110 (E)
E) = B=Hol®)
X(E) 1o (E)

................................

Intensity (a. u.)

6500 6600 6700 6800
Energy (eV)

Figure C1 Normalized EXAFS spectra of Mn-doped ZnS nanoparticle at Mn K-edge:
6% Mn-doped ZnS nanoparticles (solid line) and 10% Mn-doped ZnS nanoparticles

(dot line)
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EXAFS structure can be writen in sine function of parameter k and R as shown
in equation C2. Where k and R are wavenumber and distance between absorbed atom
and neighbor atom or radial distance, respectively [103,104]. Wavenumber can be
calculated by X-ray energy in equation C1. Figure C2 shows sine function of k-space of

Mn-doped ZnS nanoparticles at Mn K-edge.

XK = | A]-k| sin(ZkRj + §; X)) (C2)

k3y (a. u.)

0 1 2 3 4 5 6 7 8 9 10
Wavenumber (A1)

Figure C2 K-space of Mn-doped ZnS nanoparticles at Mn K-edge: 6% Mn-doped ZnS

nanoparticles (solid line) and 10% Mn-doped ZnS nanoparticles (dot line)

In equation C2, % (k) was written in summation of scattering signal. It can
consider scattering signal in each level of atom type. Each term in equation C2 with
the same type of atom consist of amplitude and scattering phase. Amplitude of EXAFS
is defined by equation C3.

N;S;(kR;)Fi(kR; —2R;
SORIFRY o [ 28,

AK) = S2 )] exp(—207k?)  (C3)
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Where Sy, N;, S;, Fj, R, A; and o; are scale factor, number of j atom, total loss
factor, effective EXAFS scattering amplitude, distance between absorbed atom and
neighbor atom or radial distance, photoelectron mean free path and Debye-Waller

factor [103,104].

Analysis of EXAFS structure used Fourier transformation for transformed
function of k parameter to R parameter. After transformation, EXAFS structure become
function of R parameter at defined and represented in equation C4 [103,104] and

Figure C3, respectively.

X(R) = \/iﬁ [ x (Kk"e2ikRqk (ca)

Magnitude (a. u.)

¥
T T T T T T T T T T T T T T T T T T T T T T T T

0 1 2 3 4 5
Radial Distance (A)

Figure C3 Fourier transformed spectra of Mn K-edge EXAFS function for Mn-doped

ZnS nanoparticles: 6% Mn-doped ZnS (Solid line) and 10% Mn-doped ZnS (dot line)
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APPENDIX D

CALCULATE AMOUNT OF MN-DOPED ZNS NANOPARTICLES PRODUCT

BY THEORY

Chemical reaction of Mn-doped ZnS is the precipitation reaction. It is
an irreversible reaction. When assuming Mn concentration is very low, the amount of
Mn-doped ZnS nanoparticles product can be used the precipitation reaction of ZnS

for easier calculation. The precipitation reaction of ZnS is shown in equation D1.

ZNnSOq @y t Na,S @g) - ZnS () T Na,SOq4 (aq) (D1

Example: Synthesis of Mn-doped ZnS nanoparticles at W=1, [ZnSO4] = 0.099 M,
[MnSO,] = 0.001 M and [Na,S] = 0.10 M. Molecular weight (MW) of ZnS is 97.469 g¢/mole.

Volume of water phase in micro-emulsion system (V) at W=1 is 0.90 ml.

From equation D1, mole of Na,S is depleted consumption with assuming

complete reaction.

ZHSO4 (aqg) + NazS (ag) - 7ZnS )t NazSO4 (@g)

Mole of Na,S consumption = Mole of ZnS product
MV grams of ZnS

1000 MW

mole 1L grams of ZnS
X 0.9ml x =

0.1

1000 ml N 97.469 g
' mole

grams of ZnS = 0.0088 grams
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APPENDIX E

MORPHOLOGY AND PARTICLE SIZE OF MN-DOPED ZNS NANOPARTICLES

CHARACTERIZED BY TEM

The averaged primary particle sizes were also characterized by TEM as shown
in Figure E1. For TEM images, the spherical shape of the primary particle of Mn-doped
ZnS nanoparticles are agglomeration. The averaged primary particle size and standard
deviation are 4+1, 6+1, 8+1, 10+2, 12+land 16+3 at W=1, 3, 5, 7, 11 and 15,
respectively. Figure E2 shows dependence of the averaged primary particle size of
Mn-doped ZnS nanoparticles with the molar ratio of water to surfactant. At increased
W values, the averaged primary particle size of Mn-doped ZnS becomes larger.
These results are in good agreement with the many previous study [36,66,75-77,80-
87]. The morphology of Mn-doped ZnS nanoparticles and trend of the averaged

primary particle size at various W values were consistent with FE-SEM result.



Figure E1 TEM images of Mn-doped ZnS nanoparticles at various W values

]
o

=
o
1

Averaged Primary
Particles Size (nm)
wn o

o

0 5 10 15
Molar ratio of water to surfactant (W)

Figure E2 Dependence of the molar ratio of water to surfactant on the averaged

primary particles size analyzed by TEM images
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APPENDIX F

SYNTHESIZED MN-DOPED ZNS NANOPARTICLES BY PREFABRICATED

MICRO-EMULSION

Mn-doped ZnS nanoparticles synthesized by prefabricated micro-emulsion for
increasing amount of Mn-doped ZnS nanoparticles product. Concentration of ZnSQOy,
MnSQO4 and Na,S were 0.099 M, 0.001 M and 0.10 M, respectively. This experiment is
conducted under room temperature of 30°C. Micro-emulsion system used W=7 while
volume of water phase is equal volume of solution. The morphology, the primary
particle size and crystalline structure were analyzed by FE-SEM, XRD, SAED and
HRTEM, respectively. Higsher amount of Mn-doped ZnS nanoparticles product can be

promoted Mn-doped ZnS nanoparticles and its application.

The morphology, the primary particle size and particle size distribution of
Mn-doped ZnS nanoparticles synthesized by prefabricated micro-emulsion were
shown in Figure F1. Mn-doped ZnS nanoparticles are agglomeration of spherical shape.

The averaged primary particle size is 207 nm.

XRD pattern of Mn-doped ZnS nanoparticles synthesized by prefabricated
micro-emulsion was illustrated in Figure F2. The three peaks of this nanoparticle
appeared at 29.08° (1 1 1), 48.08° (2 2 0) and 56.52° (3 1 1) relative to the standard
card (JCPDs 01-089-4958) which is also consistent with SAED (Figure F3). This XRD
pattern confirmed these samples consist of Mn and ZnS crystals which co-exist as

zinc blend crystalline structure.
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Figure F1 FE-SEM image and particle size distribution of Mn-doped ZnS nanoparticles

synthesized by prefabricated micro-emulsion

~ (111)
b= |
©
S
> (220)
G (311)
[-*]
whed
=
[
20 30 40 50 60 70

2 Theta (°)

Figure F2 XRD pattern of Mn-doped ZnS nanoparticles synthesized by prefabricated

micro-emulsion

The microcrystalline structure of Mn-doped ZnS nanoparticles synthesized by
prefabricated micro-emulsion was zinc blend crystalline structure that were confirmed
by SAED (Figure F3). This result is in a good agreement with XRD pattern. Mn-doped

ZnS nanoparticles was polycrystalline that was confirmed by SAED and HRTEM images
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as shown in Figure F3. In addition, SAED image appears crystalline planes of (1 1 1),
(2 20)and (3 1 1). Three crystalline planes are in good agreement with zinc blend

crystalline structure that was consistent with XRD pattern in Figure F2.

—» (311)

— (220)

& A

\\

Figure F3 SAED and HRTEM image of Mn-doped ZnS nanoparticles synthesized by

prefabricated micro-emulsion

Comparison between the amount of product synthesized by micro-emulsion
at W=1 and the amount of product synthesized prefabricated micro-emulsion at W=7
was shown in Figure F4. Amount of product of Mn-doped ZnS nanoparticles
synthesized by prefabricated micro-emulsion is higher from 8 to 55 milligrams.
Unfortunately, these results cannot explanation now but they are interesting in

the further investigation.
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Figure F4 Comparable amount of product synthesized by: (a) micro-emulsion at W=1

and (b) prefabricated micro-emulsion at W=7 as experiment (white) and

theory (black)
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